
Copyright  2001 by the Genetics Society of America

Population Dynamics of an Ac-like Transposable Element in
Self- and Cross-Pollinating Arabidopsis

Stephen I. Wright, Quang Hien Le, Daniel J. Schoen and Thomas E. Bureau

Department of Biology, McGill University, Montreal, Quebec H3A 1B1, Canada

Manuscript received November 24, 2000
Accepted for publication April 11, 2001

ABSTRACT
Theoretical models predict that the mating system should be an important factor driving the dynamics

of transposable elements in natural populations due to differences in selective pressure on both element
and host. We used a PCR-based approach to examine the abundance and levels of insertion polymorphism
of Ac -III, a recently identified Ac -like transposon family, in natural populations of the selfing plant
Arabidopsis thaliana and its close outcrossing relative, Arabidopsis lyrata. Although several insertions appeared
to be ancient and shared between species, there is strong evidence for recent activity of this element
family in both species. Sequences of the regions flanking insertions indicate that all Ac -III transposons
segregating in natural populations are in noncoding regions and provide no evidence for local transposition
events. Transposon display analysis suggests the presence of slightly higher numbers of insertion sites per
individual but fewer total polymorphic insertions in the self-pollinating A. thaliana than A. lyrata. Element
insertions appear to be segregating at significantly lower frequencies in A. lyrata than A. thaliana, which
is consistent with a reduction in transposition rate, reduction in effective population size, or reduced
efficacy of natural selection against element insertions in selfing populations.

TRANSPOSABLE elements (TEs) are mobile self- low frequencies, their presence restricted to only one
replicating segments of DNA. Their ability to self- to a few individuals in population samples. This skewed

replicate and increase in abundance makes them an frequency distribution shows a significant departure
important source of spontaneous mutation and cause from neutral expectation (Golding et al. 1986; Tajima
of genome evolution (Kidwell and Lisch 2000). Popu- 1989) and is consistent with a model of transposition-
lation genetics theory predicts that the abundance of selection balance, where new insertions are introduced
TEs in natural populations may be controlled by a bal- through the transposition process and weak selection
ance between the forces of transposition increasing copy prevents them from rising to high frequencies (Charles-
number and the action of purifying selection remov- worth and Charlesworth 1983; Charlesworth and
ing insertions from populations (Charlesworth and Langley 1989; Charlesworth et al. 1992). While this
Langley 1989). However, the general importance of model of transposition-selection balance has become
purifying selection in controlling TE dynamics and the well accepted for many families of transposons in D.
nature of their deleterious effects in natural populations melanogaster, the exact nature of purifying selection and
remain uncertain. copy number control on TEs remains an issue of con-

Evidence for the role of weak purifying selection in tention (Biemont et al. 1997; Charlesworth et al. 1997).
controlling transposon abundance in euchromatic re- Although there is strong evidence indicating selective
gions of the genome was documented primarily in natu- regulation of TE copy number in the large random-
ral populations of Drosophila melanogaster, using the tech- mating populations of D. melanogaster, very few popula-
niques of in situ hybridization (Montgomery and tion studies are available to examine its relevance in
Langley 1983; Charlesworth and Lapid 1989) and other eukaryotic genomes. In fact, preliminary analysis
RFLP analysis (reviewed in Charlesworth and Lang- of retrotransposon families in several other animal spe-
ley 1989). From these studies TE families have been cies, including other species in the genus Drosophila
shown to be represented typically by a small number of (Hey 1989; Batzer et al. 1996; Takasaki et al. 1997),
copies per genome, despite evidence for much higher indicates that transposon insertions may often rise to
rates of transposition than excision. In addition, individ- high frequencies, and the accumulation of many an-
ual element insertions appear to be maintained at very cient insertions in several taxa (e.g., Murata et al. 1996;

SanMiguel et al. 1998) is suggestive of a neutral process
of fixation or loss of TE insertions over evolutionary
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There has been recent theoretical interest in the role Ac -like elements have been identified in Arabidopsis,
many of which show evidence for current activity (Tsayof the host breeding system in driving evolutionary

changes in TE dynamics, particularly in plant popula- et al. 1993; Frank et al. 1997) and/or recent historical
transposition events (Frank et al. 1998; Henk et al. 1999;tions (Charlesworth and Charlesworth 1995; Wright

and Schoen 1999; Morgan 2001). If many transposon Le et al. 2000). The Arabidopsis Ac -like III family (here-
after Ac -III), was recently identified in a survey of TEinsertions cause recessive deleterious mutations (Bie-

mont et al. 1997), then greater expression of these dele- diversity in the A. thaliana (Columbia) genome project
(Le et al. 2000). It was classified within the hAT super-terious effects due to higher levels of homozygosity may

drive transposon abundance and frequency to lower lev- family on the basis of shared sequence and structural
similarity of the terminal inverted repeats, the presenceels in selfing populations (Wright and Schoen 1999;

Morgan 2001). In contrast, if element abundance is of several copies of a putative Ac transposase binding
motif (TGGGC), and an 8-bp target site duplicationregulated by the dominant effects of ectopic recombina-

tion between elements (Montgomery et al. 1991), the (see Henk et al. 1999). Amplification of putative “empty”
Ac -III insertion sites in several ecotypes related to Co-presence of most insertions in a homozygous state may

reduce chances for ectopic pairing (Montgomery et al. lumbia suggested the possibility of recent mobility (Le
et al. 2000).1991), leading to a relaxation of selection on TE copy

number and a potential for rapid increase in element In this study, we utilized an amplified fragment length
polymorphism (AFLP)-based (Vos et al. 1995) tech-abundance (Charlesworth and Charlesworth 1995;

Wright and Schoen 1999; Morgan 2001). Reductions nique, transposon display (Korswagen et al. 1996;
Waugh et al. 1997; Van den Broeck et al. 1998), toin effective population size in selfing populations,

through frequent bottleneck events and/or strong selec- examine the distribution, abundance, and levels of in-
sertion polymorphism of the Ac -III transposon familytion at linked loci (Maynard Smith and Haigh 1974;

Charlesworth et al. 1993; Braverman et al. 1995), in natural populations of A. thaliana and its self-incom-
patible, highly outcrossing (Kärkkäinen et al. 1999)could also drive an increase in TE frequency and abun-

dance (Brookfield and Badge 1997; Wright and relative, A. lyrata.
Schoen 1999; Morgan 2001), but frequent stochastic
loss of element families in selfing lineages is also a possi-

MATERIALS AND METHODSble outcome (Wright and Schoen 1999). Finally, dif-
ferences in the breeding system are also expected to Transposon display—element family and primer design:
cause changes in the selective pressure on TEs them- The technique of transposon display involves the digestion of
selves, leading to conditions favoring self regulation in total genomic DNA with a frequent-cutting restriction enzyme,

the ligation of adaptors to the digested fragments, and labeledgenomes with low recombination (Charlesworth and
PCR amplification of this digestion-ligation template using aLangley 1986), which may also cause reduced levels of
TE-specific primer and an adaptor-specific primer. Since theinsertion polymorphism. restriction sites flanking transposon insertions are located at

Arabidopsis thaliana is a highly selfing (Abbot and variable positions, this allows for the visualization of individual
Gomes 1989) species with one of the smallest known element insertions on a polyacrylamide gel, and variation

among individuals in the sizes of these bands allows for angenomes in higher plants (Leutwiler et al. 1984). Re-
assessment of the patterns of transposon-based polymorphismcent surveys of the diversity and abundance of transpos-
in natural populations.able elements in the Arabidopsis genome have revealed Sequence information for the Ac -III elements was accessed

the presence of an extremely diverse array of transposon from the A. thaliana transposable element database at McGill
families, with most present at low copy number (Sur- University (http://www.tebureau.mcgill.ca; see Le et al. 2000),

and several additional elements from recently released geno-zycki and Belknap 1999; Le et al. 2000). This low abun-
mic clones were also identified through BLAST searches ofdance of elements is a strong contrast to many plant
GenBank (National Center for Biotechnology Informationspecies, for which element families may comprise as (NCBI); http://www.ncbi.nlm.nih.gov/blast/). All nine ele-

much as 50% of the genome (SanMiguel et al. 1996). ments identified to date from the genome sequence data were
Despite the low abundance, the high sequence similarity aligned using the program Pileup (University of Wisconsin

Genetics Computing Group, Version 10.0), and conservedobserved in several families of elements (Surzycki and
subterminal regions were identified. Two overlapping degen-Belknap 1999; Le et al. 2000), and the identification of
erate primers were designed, on the basis of sequence align-putative empty insertion sites in related ecotypes, (Le ments, for nested PCR using transposon display [ep1,

et al. 2000) suggests that many of these families may 5� GGTTCGGTTA(A/T)TCGGTTAGC(G/T)G 3�; ep2, 5� G(C/
have been recently active. A)TTCGGTTCGGTTA(A/T)TCGGTTAG 3�]. By examining

the frequent-cutter restriction map of the Ac -III elements, theThe hobo/Ac/Tam3 (hAT) superfamily of transposons
four-cutter restriction endonuclease NlaIII was selected foris a widespread group of class II elements, which are
use in transposon display, since no sites were observed be-known to be responsible for diverse morphological
tween the primer sequence and the end of the element. Re-

(Coen and Carpenter 1986) and chromosomal (Dooner striction mapping of A. thaliana chromosomes 2 and 4 sug-
and Belachew 1991; Shalev and Levy 1997; Zhang gested that the size distribution of NlaIII restriction fragments

was suitable for transposon display (97% of restriction frag-and Peterson 1999) mutations. Several families of
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TABLE 1

Source of population samples

Species Population No. of individuals Origin

A. lyrata ssp. petraea MJ 6 Mjallom, Swedena

A. lyrata ssp. petraea KM 1 Karhumaki, Russiaa

A. lyrata ssp. lyrata LR 2 Michiganb

A. lyrata ssp. lyrata GM 11 Michiganc

A. lyrata ssp. lyrata BB 1 USAd

A. thaliana PS 7 Tennesseee

A. thaliana SI 1 Tennesseee

A. thaliana WF 1 Tennesseeb

A. thaliana Y2 6 North Carolinab

A. thaliana W2 3 North Carolinab

A. thaliana SG 1 Tennesseee

A. thaliana No-O 1 Nossen, Germany f

A. thaliana Ws 1 Wassilewskija, Russia f

A. thaliana Nd-1 1 Niederzenz, Germany f

A. thaliana Sn-1 1 Czechoslovakia f

A. thaliana Tsu-1 1 Tsu, Japan f

A. thaliana RLD-1 1 Rschew, Russia f

A. thaliana DiG 1 Dijon, France f

A. thaliana S96 1 Netherlands f

A. thaliana Tol-O 1 Ohio f

A. thaliana Be-O 1 Bensheim, Germanyg

a Seed material obtained from O. Savolainen.
b Seed material obtained from R. Mauricio.
c Seed material obtained from C. Langley.
d Seed material obtained from T. Mitchell-Olds.
e Seed material obtained from M. Pigliucci.
f Seed material obtained from ABRC.
g Seed material obtained from NASC.

ments fall between 4 and 1000 bp). An NlaIII adaptor was volume of 10 �l for at least 2 hr. Digested DNA was then
ligated to the vectorette overnight at 16�, using 5 units of T4designed on the basis of the vectorette used by Korswagen

et al. (1996; NlaIII 503, 5� CAAGGAGAGGACGCTGTCTGT DNA ligase, 15 pmol adaptor, and 1� T4 DNA ligase buffer
in a total volume of 25 �l. The ligation reaction was thenCGAAGGTAAGGAACGGACGAGAGAAGGGAGA 3�; NlaIII

504, 5� TCTCCCTTCTCGAATCGTAACCGTTCGTACGAGA diluted to a total volume of 100 �l for use as template in
PCR. Preselective PCR amplification was carried out in a totalATCGCTGTCCTCTCCTTGCATG 3�), and two nested adap-

tor-specific primers were also constructed (ap1, 5� CGAATCG volume of 25 �l, using 3 �l of the digestion-ligation mixture,
10 pmol of NlaIII adaptor-specific primer (ap1), and 10 pmolTAACCGTTCGTACGAGAATCGCT 3�; ap2, 5� GTACGAGAA

TCGCTGTCCTC 3�; Korswagen et al. 1996). Using the avail- of element-specific primer (ep2), 1.5 mm MgCl2, 0.2 mm
dNTPs, and 1 unit Amplitaq DNA polymerase (Perkin-Elmer,able A. thaliana genomic sequence (�93% of the total ge-

nome), the expected sizes of transposon display bands within Foster City, CA). PCR reactions were run on a Perkin-Elmer
PCR model 9700 device for 20 cycles consisting of 1 minthe A. thaliana Columbia ecotype could be predicted by identi-

fying the nearest NlaIII site to element insertions. denaturing at 94�, 1 min annealing at 65�, and 1 min extension
at 72�. This PCR reaction was diluted 1/100 and then usedPopulation samples: A total of 21 A. lyrata individuals and

29 A. thaliana individuals from a wide range of geographical as template for selective PCR amplification under the same
reaction conditions, except that 10 pmol of the nested ele-locations were analyzed in this study (Table 1). The standard

A. thaliana ecotype Columbia was also used as a positive control ment-specific primer and 2 pmol of the IRD700-labeled (Li-
Cor, Lincoln, NB) nested adaptor-specific primer were used.to confirm specificity of the technique. All A. lyrata samples

were derived from maternal seed families that were field col- Selective amplification products were then denatured for 5
min at 95�, rapidly cooled on ice, and run on a 66 cm, 5.5%lected by various researchers. A. thaliana individuals were ei-

ther obtained from field-collected seed, the progeny of field- denaturing polyacrylimide gel (3.75% acrylimide, 7 m urea,
1� Tris-borate EDTA), and bands were read using the LiCorcollected seed that were selfed for one generation, or from

the Arabidopsis Biological Resource Center (ABRC) or the DNA sequencer Long ReadIR4200 system. Bands were sized
using the LiCor IRD700-labeled 50 to 700-bp molecular weightNottingham Arabidopsis Stock Center (NASC; see Table 1).

One individual per seed family was analyzed for both species. ladder, and their presence or absence was scored for each
individual. Band scoring was checked with the assistance ofTransposon display analysis: Genomic DNA was extracted

using a modified version of Dellaporta et al. (1983), with the program Cross Checker (version 2.91, Dr. J. B. Buntjier,
1999). For a subset of samples, banding patterns were re-the addition of a phenol:chloroform:IAA extraction after the

first precipitation. Genomic DNA (20–50 ng) was digested checked by repeating the process of digestion, ligation, and
PCR. All amplifications were conducted twice from the samewith 2 units of NlaIII, 1� NEB buffer 4 (New England BioLabs,

Beverly, MA), and 1 mg/ml bovine serum albumin in a total digestion-ligation reaction, and inconsistencies were exam-
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ined. Several band sizes that were inconsistently present were i diploid individuals (i � 1, 2, . . . m). The expected value of
gi is, assuming Hardy-Weinberg equilibrium and fromexcluded from subsequent analysis.

To assess the relative importance of insertion polymorphism Charlesworth and Charlesworth (1983),
vs. nucleotide and indel variation in producing polymorphic
bands, selective amplifications were also run using the unla- E{gi} �

1
2

T �mi ��1

0
(x 2 � 2x(1 � x))i(1 � (x2 � 2x(1 � x)))m�i φ(x)dx.

beled adaptor-specific primer, and reaction products were
(3)cloned into the pCR 2.1 vector using the TA cloning kit (In-

vitrogen, Carlsbad, CA). Clones were then sequenced using T is then estimated in the usual way (Charlesworth and
the LiCor DNA sequencer Long ReadIR4200 according to the Charlesworth 1983) as T � n̂(� � 	)/�, where n̂ is esti-
manufacturer’s protocol. Sequences were analyzed by BLAST mated by the sum of the Hardy-Weinberg estimates of inser-
searches against GenBank (NCBI; http://www.ncbi.nlm.nih. tion frequency,
gov/blast/) for sequence similarity and through multiple
alignments using Pileup (University of Wisconsin Genetics n̂ � �

m

i�1
�1 � √1 � zi� , (4)

Computing Group, version 10.0).
Data analysis: A table of presence/absence for each inser-

and zi is equal to the frequency of the “null” allele for the ithtion site was generated for analysis of patterns of insertion
insertion site.polymorphism. For all analyses, bands of the same size were

assumed to be identical, while bands of distinct size were
assumed to be independent insertions. Evidence supporting

RESULTSthese assumptions, and the implications of any violations, are
addressed in the discussion.

Consistency and specificity of transposon display inTo test for a role for purifying selection in driving patterns
Arabidopsis: Several lines of evidence indicate that theof insertion polymorphism, the minimum 
2 method of

Charlesworth and Charlesworth (1983; Appendix 3) was technique of transposon display provides a specific and
applied. This method estimates the parameters of the proba- repeatable visualization of Ac -III transposon insertions
bility distribution for element frequency x, using the 	-dis- in Arabidopsis. First, virtually all insertion site sizes pre-
tribution

dicted from the available Arabidopsis genomic sequence
were observed in analysis of the Columbia ecotype geno-φ(x) ≈ �(� � 	)

�(�)�(	)
x ��1(1 � x)	�1, (1)

mic DNA (Figure 1a). Only the largest predicted inser-
tion site, 1444 bp, was not observed, suggesting the

where � � 4Neun̂/(T � n̂), 	 � 4Ne(� � s), Ne is the effective
presence of an upper size limitation on the ability topopulation size, u is the rate of transposition, T is the total
amplify and visualize insertion sites. Estimates of num-number of insertion sites, n̂ is the equilibrium element copy

number, � is the rate of excision, and s is the strength of bers of insertion sites per individual should thus be
selection against element insertions. � measures the effects considered as minimum estimates. However, given that
of repeated transposition into the same insertion site, and analysis of NlaIII restriction fragment sizes in the Arabi-
	 provides an estimate of the strength of forces removing

dopsis genome suggests that 5% of digested fragmentsinsertions from natural populations (Charlesworth and
should be �1 kb, this should not result in extremeLangley 1989). If the number of sites is effectively infinite,

Equation 1 reduces to underestimates. Second, replicated digestion-ligations
from the same genomic DNA and repeated amplifica-φ(x) ≈ 	x�1(1 � x)	�1 (2)
tions from the same digestion-ligation reaction resulted

(Charlesworth and Charlesworth 1983). The parameter in consistent banding patterns (Figure 1a). Sequencing
estimation method uses the estimated frequency distribution of a subset of amplification products from both species
of individual insertion sites per haploid genome and finds the also allowed for confirmation that many observablevalues of � and 	, which minimize the deviation between

bands were derived from Ac -III transposon insertions,observed and expected insertion frequencies. From in situ
through sequencing of the termini of the elements (e.g.,hybridization studies of Drosophila, insertion frequencies were

estimated directly from haploid chromosomes (Charles- Figure 1b). Although several amplification products
worth and Langley 1989). However, because the current that did not correspond to element insertions were also
study examines diploid chromosomes, and transposon display sequenced, these fragments did not appear on transpo-does not distinguish between heterozygous and homozygous

son display gels. Finally, in some cases, sequence similar-insertions, estimates of allele frequencies, element copy num-
ity between the regions flanking the insertion and re-ber per haploid genome, and the insertion site frequency

profile cannot be obtained directly from the banding patterns. gions of the Columbia genome lacking the element
In A. thaliana, estimates of outcrossing rates from natural provides evidence that novel bands correspond to new
populations indicate that populations are almost 100% selfing transposition events (e.g., Figure 1b).(Abbot and Gomes 1989), and all insertions were thus as-

Ac -III transposon insertions in Arabidopsis: Amplifi-sumed to be homozygous for the purposes of allele frequency
cation of the Ac -III element family was successful in alland copy number estimation. Estimates of insertion site fre-

quencies per haploid genome could then be estimated directly populations of both A. thaliana and A. lyrata analyzed
from transposon display. For A. lyrata, a modified version of in this study (Figure 2, Table 2). The vast majority of
Equation A9 in Charlesworth and Charlesworth (1983) insertion sites identified in both species appeared to be
was used to generate expected numbers of insertions present

polymorphic, although several bands of identical sizein m diploid genomes using the assumption of Hardy-Wein-
appeared to be shared between both species, possiblyberg equilibrium and was compared to the observed values.

Specifically, let gi be the number of insertion sites present in representing ancient fixed insertions (Figure 2, Table
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Figure 1.—Characteristic results from the application of transposon display to the Ac -III family in Arabidopsis. (a) Transposon
display patterns for four individuals from natural populations and the A. thaliana ecotype Columbia. Three replicates for each
individual from natural populations are shown; the first two represent two different amplifications from the same digestion-
ligation, and the third is derived from an independent digestion-ligation reaction. Lanes 1–3, A. lyrata GM-1; 4–6, A. lyrata GM-2;
7–9, A. thaliana Y2-1; 10–12, A. thaliana Y2-2. Lane 13, A. thaliana ecotype Columbia. Asterisks indicate the sizes of insertion sites
predicted from the Columbia genome sequencing project. The triangle indicates the size of the insertion site for which the
sequence is shown in b. Numbers represent the molecular weight, in base pairs. (b) Sequence analysis of cloned transposon
display fragment. Top sequence: 5� end of cloned fragment. Middle sequence: 3� end of Ac -III transposon. Bottom sequence:
region of Arabidopsis thaliana (Columbia) genome with high sequence similarity to cloned flanking region, with the accession
number for the genomic clone given. ep1, element-specific primer used in transposon display; IR, inverted repeat.
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In total the sequences of 15 (30%) insertion sites in
A. lyrata and 6 (22%) in A. thaliana populations were
determined, through the cloning and sequencing of
amplification products from several individuals and
from shared insertion sites to elements present in the
Columbia genome project (Table 3). Nine of the se-
quenced flanking regions (57%) showed very high
(90%) sequence similarity to genomic regions that were
sequenced in A. thaliana. All of these insertion sites
were in noncoding regions, including both introns and
intergenic regions, with several inserted into other re-
petitive sequences, including a non-LTR retrotranspo-
son (Table 3). All identified flanking regions appeared
to be unique, suggesting that a significant proportion of
distinct bands were the result of independent insertion
events. Insertion sites showed similarity to physically
distant regions across all five A. thaliana chromosomes,
providing no evidence for local transposition events,
which were observed for maize Ac -like transposons (e.g.,
Bancroft and Dean 1993).

Patterns of polymorphism: In A. thaliana, the majority
of insertion sites were present at intermediate to high
frequency (Figures 2 and 3). In contrast, a large fraction
of the insertion sites were segregating at low frequency
in A. lyrata, with many insertion sites present in only
one or a few individuals (Figures 2 and 3). To test for
a significant difference among species in the insertion
site frequency distribution, a 2 � 2 contingency table
was constructed, similar to the approach of Sawyer et
al. (1987). This table compares the numbers of insertion
sites unique to a single individual (“singletons”) to
higher frequency insertions between the two species
and can be used to test the null hypothesis of an equal
proportion of singleton insertions in each species. In
A. lyrata, the number of singletons is 23, compared to
26 nonsingletons. In contrast, in A. thaliana, there are
3 singletons compared with 24 nonsingletons. Under
Fisher’s exact test, the contingency analysis shows a
highly significant deviation from random expectation
(P  0.01), reflecting the much higher number of low-
frequency insertions in the A. lyrata sample in compari-
son to A. thaliana.

To test for departures from neutral expectations ofFigure 2.—Example of among-population variability of
transposon display patterns. (a) Arabidopsis lyrata. (b) A. thal- insertion frequency distributions, the parameters � and
iana. 	 were estimated for each species. For both data sets,

� was not significantly different from 0, and 
2 values
increased as � was increased from 0. This suggests that

2). These latter sites were present only faintly and some- the number of insertion sites are effectively infinite,
what inconsistently in A. lyrata, while they were predomi- and estimates of 	 were subsequently made under the
nantly present as intense bands in A. thaliana. While a assumption that � � 0. Table 4 shows the estimates of
total of 46 polymorphic insertion sites were identified 	 and the corresponding minimum 
2 values for both
in A. lyrata, only 24 were identified in A. thaliana (Table species under two sets of conditions: (a) including and
2). Despite the lower total number of polymorphic inser- (b) excluding the potentially ancient high frequency
tion sites, A. thaliana populations exhibited a slightly insertions. Excluding these insertions is justified if they
higher average number of insertion sites per individual are in fact ancient and fixed, since they do not contrib-
and a higher estimated equilibrium number of inser- ute to current population dynamics in each species. 
2

values were obtained after pooling classes for whichtions per individual, n̂ (Table 2).
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TABLE 2

Summary of transposon display patterns in A. thaliana and A. lyrata

Average no. of
Sample Total no. of No. of insertion sites

Species size insertion sites segregating sites (S) per individual n̂a

A. lyrata 21 49 46 8.2 11.63
A. thaliana 29 27 24 10.7 21.7

a Estimate of the equilibrium element copy number based on transposon display.

expected values were 5. In all cases, the insertion site and the diversity of sequenced flanking regions strongly
suggest that the Ac -III transposon family has been activeprofiles do not show a significant deviation from ex-

pected by the minimum 
2 parameter estimates. Because in both species since their divergence. This allows for
a detailed comparison of the population dynamics ofof the small total number of insertion sites and the

error associated with the estimation of the occupancy the same transposon family in related selfing and out-
crossing species.distribution from dominant markers, the estimates are

subject to a high variance. However, under either sce- The insertion site frequency distributions are consis-
tent with the importance of the action of purifying selec-nario, the A. lyrata population data show a significant

deviation from the hypothesis that � � 0 and 	 � 1, tion on transposon insertions in outcrossing popula-
tions; segregating insertions in A. lyrata were present atwhich is consistent with a significant role for purifying

selection in driving patterns of insertion frequency. In lower frequencies than expected on the basis of neutral
expectations. The few high-frequency bands identifiedcontrast, for the A. thaliana insertion site distribution,

the estimated minimum 
2 values of 	 are 1, suggesting in A. lyrata were of similar size to insertions identified
in A. thaliana and may thus be potentially ancient. Inthat the effects of genetic drift dominate over selection.

Estimates of 	 for A. lyrata when the potentially ancient contrast to the patterns observed in the outcrossing A.
lyrata, most insertions were segregating at intermediateinsertions are excluded are of the same order of magni-

tude as was observed for several element families in to high frequencies in the selfing A. thaliana and did
not show evidence of a strong departure from neutralD. melanogaster (Charlesworth and Langley 1989),

suggesting that selection coefficients may be similar. expectations. Virtually all insertions identified in a given
population in A. thaliana were shared with other popula-Figure 3 shows a comparison of the expected insertion

site occupancy profile under the estimated parameters tions and present in other individuals from the same
population. Although differences in element abun-to that calculated from the data.
dance between the species were less pronounced, there
was a slightly higher number of insertion sites per indi-

DISCUSSION
vidual in A. thaliana.

One limitation of our study concerns the populationOur study represents the first detailed investigation
of the levels and patterns of insertion polymorphism of sampling: A. thaliana collections represent a more ex-

tensive worldwide sample, while A. lyrata is more concen-a class II transposon family in natural plant populations.
The high levels of polymorphism of element insertions trated, with more individuals sampled from fewer popu-

TABLE 3

Locations and properties of naturally occurring insertion sites of Ac -like III in A. thaliana and A. lyrata

Insertion site Region of similarity to
(bp) Populationa A. thaliana Location of insertion site

549 A. lyrata GM Chromosome 1 Intergenic region
204 A. lyrata MJ Chromosome 3 Intron 3 of hypothetical protein
135 A. lyrata GM Chromosome 3 Intergenic region
188 A. lyrata GM Chromosome 1 Intergenic region
295 A. thaliana PS 5� flanking region of glycoprotein gene family
353 A. lyrata GM Chromosome 5 NA
271 A. lyrata GM Chromosome 5 Intergenic region
323 A. thaliana PS Non-LTR retrotransposon
193 A. thaliana PS Chromosome 4 Intergenic region

a Populations refer to those listed in Table 1. NA, not available.
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TABLE 4

Parameter estimates based on patterns
of insertion polymorphism

Species 	 
2(d.f.)

A. lyrata
a. 3.5* 7.77 (5)
b. 9.7* 1.53 (3)

A. thaliana
a. 0.5 5.12 (3)
b. 0.7 3.59 (3)

	 estimates 4Ne(� � s), where Ne is the effective population
size, � is the excision rate, and s is the selection coefficient. (a)
Including potentially ancient, fixed insertions; (b) excluding
fixed insertions. *, estimates of 	 that are significantly �1,
P  0.05.

A. thaliana populations appears to be as great as diver-
gence in A. lyrata (Savolainen et al. 2000), the presence
of population structure would be unlikely to explain
the contrast between species.

The contrasting patterns of insertion polymorphism
between the two species are consistent with the hypothe-
sis that the breeding system contributes to the control
of transposon dynamics. Several possible forces may be
involved in driving this difference. First, a decrease in
the abundance of the low-frequency class of insertionsFigure 3.—Frequency distributions of element insertions

in (a) A. lyrata and (b) A. thaliana. Open bars, estimated is consistent with a reduction in the effectiveness of
insertion site frequency distribution using the transposon dis- purifying selection in selfing lineages (Wright and
play patterns. Solid bars, predicted site occupancy profile as-

Schoen 1999). Alternatively, the differences may besuming a 	-distribution, where the fixed insertion site class
caused by a reduction in the transposition rate in A.is excluded in the estimation. Hatched bars, predicted site

occupancy profile assuming a 	-distribution, where the fixed thaliana. The population data indicate that A. thaliana
insertion class is included. Estimations of the parameters of populations show a reduced number of low-frequency
the 	-distribution are as described in the text. insertions relative to A. lyrata, but there is not a signifi-

cant increase in the number of high-frequency inser-
tions, and the total number of insertion sites per individ-lations. This approach was taken because diversity is
ual does not differ dramatically between species (Tablestructured primarily between selfing populations, mak-
2). Transposon display patterns also suggest a reductioning it likely for most insertions to be fixed within popula-
in the species-wide number of polymorphic insertionstions. However, this contrasting population structure
in A. thaliana (Table 2), which has not been observedbetween selfers and outcrossers makes a direct test of
for nucleotide substitutions (Savolainen et al. 2000).population genetics models difficult, since demographic
Many or all of the Ac -III elements may lack codingdifferences between the species may be substantial, and
capacity, and their transposition rates may thus be sub-a worldwide sample from A. thaliana may represent a
ject to control by other autonomous Ac -like elements.population that is out of equilibrium (Savolainen et
Stochastic loss of some of these autonomous elementsal. 2000). Nevertheless, more extensive sampling of A.
in A. thaliana may also be an important force that mightthaliana would be expected to inflate levels of transpo-
reduce transposition rates and drive down levels of inser-son diversity and lower their average frequency, while
tion polymorphism. For nonautonomous elements, thethe opposite pattern was observed in this study. Simi-
assumption of a simple linear relationship between thelarly, an alternative explanation to selection for the
number of elements and transposition rate may be vio-abundance of low-frequency insertions in A. lyrata could
lated.be the presence of independent transposition events

The use of the technique of transposon display foramong diverged populations. Detailed analysis of inser-
surveying levels of transposon polymorphism has severaltion polymorphism for a large within-population sample
weaknesses that may affect interpretation of the results.would provide an important confirmation of the hypoth-
First, the inability to discriminate between heterozygousesis of purifying selection in A. lyrata. Once again, how-

ever, given that overall nucleotide divergence between and homozygous insertions prevents direct estimation
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